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Abstract—Location service is one of the most widely used
features on a smartphone. More and more apps are built based
on location services. As such, demand for accurate positioning
is ever higher. Mobile brand Xiaomi has introduced Mi 8,
the world’s first smartphone equipped with a dual-frequency
GNSS chipset which is claimed to provide location services with
up to decimeter-level positioning accuracy. Such unprecedented
high accuracy brought excitement to industry and academia for
navigation research and development of emerging apps. On the
other hand, there is a significant knowledge gap on the energy
efficiency of smartphones equipped with a dual-frequency GNSS.
In this paper, we bridge this knowledge gap by performing an
empirical study on power consumption of a dual-frequency GNSS
for a smartphone. To the best our knowledge, this is the first
experimental study that characterizes power consumption of a
smartphone equipped with a dual-frequency GNSS and compares
the energy efficiency with a single-frequency counterpart. We
demonstrate that a smartphone with a dual-frequency GNSS
consumes 37% more power on average outdoors, and 28% more
power indoors, in comparison with the counterpart equipped
with a single-frequency GNSS chipset.
Index Terms—Dual-frequency GNSS, Mobile Computing, En-
ergy Efficiency
I. INTRODUCTION
Location service is one of the most widely used features
on a smartphone. The Ericson mobility report states that more
than 4.8 billion smartphones equipped with Global Navigation
Satellite System (GNSS) chipsets are active worldwide in
2018 [1]. More than 50% of smartphone apps are based on
location information [2] such as navigation, games, social
media, dining service, to name a few. As the number of
location service-based apps increased significantly, demand
for higher positioning accuracy is ever higher. Unfortunately,
provision of high localization accuracy has been limited and
available only to professional and government use mostly
due to the high cost and military security issue. However, a
widespread use of smart devices is expanding the possibility of
providing highly accurate positioning service to various other
apps on general user’s smartphones.
Such high demand for accurate positioning resulted in the
introduction of the world’s first smartphone equipped with a
dual-frequency GNSS, the Xiaomi Mi 8 [3]. Xiaomi Mi 8
is equipped with a Broadcom’s dual-frequency GNSS chipset
(BCM47755) [4] and is capable of receiving L1/E1 and L5/E5
signals from GNSS satellites [5]. More and more smartphones
such as the Huawei Mate 20, Google Pixel 4, Lenovo Z6 Pro,
LG G8, Samsung S10, and Sony Xperia 1 are being equipped
with dual-frequency GNSS chipsets. With the significantly
improved positioning accuracy up to decimeter level, a new
dawn in location-based apps and navigation research is on the
horizon.
One of the critical challenge to achieve low-cost position-
ing with high accuracy for smartphones with dual-frequency
GNSS is the energy efficiency. Although recent dual-frequency
GNSS chipsets are equipped with advanced low-cost antennas
with improved duty cycling to reduce the power consump-
tion, dual-frequency GNSS chipsets require higher chipping
rates and more processing, resulting in higher receiver power
consumption to achieve the decimeter level performance. Nu-
merous works have been performed on the post processing
mechanisms for the dual frequency GNSS for smartphones
to take advantage of high positioning accuracy [6][7][8][9].
However, the energy cost of dual frequency GNSS chipsets
for smartphones is largely unknown.
In this paper, we perform the first empirical study on power
consumption of a smartphone equipped with a dual-frequency
GNSS chipset. To the best of our knowledge, this is the first
work that characterizes power consumption of a smartphone
with a dual-frequency GNSS chipset, compared with a smart-
phone equipped with a single frequency GNSS chipset. For
this study, we selected the world’s first smartphone with a
dual frequency GNSS, Xiaomi Mi 8. We also selected a latest
smartphone with a single-frequency GNSS from the same
vendor, Xiaomi Redmi Note 7, for performance comparison.
We measured power consumption exclusively for position
update performed by GNSS modules by ruling out energy
consumption from other hardware/software components of the
smartphones. Experiments were performed both indoors and
outdoors to understand the effects of different environments
on energy efficiency. We reveal that Xiaomi Mi 8 with a dual-
frequency GNSS consumes 37% more power on average for
position update compared with its counterpart equipped with
a single-frequency GNSS chipset outdoors, and 28% more
power in an indoor environment. Concretely, the contributions
of this paper are summarized as follows.
• We perform the first empirical study on power consump-
tion of a smartphone equipped with a dual-frequency
GNSS chipset for both indoor and outdoor environments.
• We demonstrate that Xiaomi Mi 8 with a dual-frequency
GNSS consumes 37% more power on average outdoors,
and 28% more power indoors, compared with Xiaomi
Redmi Note 7 equipped with a single-frequency GNSS.
• We provide a useful reference on the energy efficiency
of a dual-frequency GNSS chipset to facilitate future
research on mobile computing and navigation that take
advantage of enhanced positioning accuracy based on
dual-frequency GNSS chipsets.
This paper is organized as follows. In Section II we review
the background on GNSS in general and dual-frequency
GNSS. We then explain the experimental settings and the
methodology for measuring power consumption of GNSS
chipsets in Section III. The results are analyzed and presented
in Section IV, and we conclude in Section V.
II. BACKGROUND
A. Global Navigation Satellite System (GNSS)
Global Navigation Satellite System (GNSS) is a system of
satellites that provides time and location information anywhere
on or near the Earth when an unblocked line of sight to four
or more GNSS satellites is available [10]. There are two major
GNSS systems that cover the entire world. Global Positioning
System (GPS) is the most widely used system developed by
US. It has at least 24 GNSS satellites. Globalnaya Navigat-
sionnaya Sputnikovaya Sistema (GLONASS) is a navigation
system developed by Russian consisting of 31 GNSS satellites.
There are two other systems with global coverage that are
under development: BeiDou and Galileo. Beidou is a Chinese
navigation system that has 22 satellites. While global coverage
is not provided yet, it is already used in Asia-Pacific region.
Galileo is the European navigation system consisting of 18
satellites. Full global coverage by Galileo is expected in 2020.
GNSS satellites transmit radio signals over two or more
frequencies in L band, i.e., the operating frequency range of
1-2 GHz. Fig. 1 shows the frequencies used by different GNSS
systems. Radio signals transmitted from GNSS satellites carry
ranging codes and navigation data which are used to calculate
the coordinates of satellites and the distance between a satellite
and a receiver. The binary phase shift keying (BPSK) is used
to modulate these signals.
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Fig. 1. GNSS frequencies for different navigation systems.
The GNSS navigation message conveys various information
such as the positions and velocity of satellites, clock, satellite
orbit shape, etc. It is transmitted at a slower rate than the
ranging codes. For example, receiving a whole navigation
message takes 30 seconds for GPS [11]. The message consists
of two types of data: Almanac and Ephemeris. Almanac
data contains coarse orbital parameters of all satellites and
information about ionospheric delay corrections. Receivers use
almanac data to search satellites. Especially, receivers that
support only a single GNSS frequency use the ionospheric
delay data to correct the delay. To transmit a whole almanac
data, 25 navigation messages are needed which takes about
12.5 minutes to complete transmission. In contrast to almanac
data, ephemeris data contains highly precise orbital parameters
of satellites and clock correction information. Ephemeris data
is used to calculate the positions of satellites precisely. Each
satellite broadcasts its own ephemeris data every 30 seconds.
A smartphone is equipped with a GNSS/navigation chipset
to receive the GNSS signals. It is kind of a blackbox that
produces the user position, velocity and precise time (PVT)
as well as information about tracked satellites. Fig. 2 shows a
block diagram of a typical GNSS receiver. The GNSS antenna
is used to capture GNSS signals in L band. The RF front-end
takes the RF signals as input from the antenna and performs
down-conversion to reduce the cost. And then, the analog to
digital converter (ADC) digitizes the signal. The baseband
processing module performs several signal processing tasks to
acquire and track the signals. The acquisition task determines
satellites that are in view and can be tracked. The tracking
stage is used to update dynamically the code delay and carrier
frequency of the signal in order to track the signal correctly.
The PVT processing block combines the information from the
baseband processing block to derive a solution (e.g., PVT).
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Fig. 2. Block diagram of a GNSS receiver.
B. Dual Frequency GNSS
Dual-frequency GNSS receives two different radio signals
at different frequencies from each satellite to provide more
accurate positioning. Most of current devices utilize a sin-
gle narrow band (L1/E1) with low sample rates. Recently,
the mass market introduced products that support dual wide
band (upper L band and partial lower L band) with high
sampling rates. Due to the high cost, use of these dual-
frequency GNSS devices has been limited to professional and
governmental users. In 2017, Broadcom introduced the first
low-cost dual-frequency GNSS chipset, BCM47755, designed
for smartphones [4]. In 2018, u-blox launched their dual-
frequency GNSS chipset, F9 chip [12], and STMicroelec-
tronics introduced the Teseo receiver that supports L1/L2 or
L1/L5 frequencies [13]. Intel [14] and Qualcomm [15] also
introduced their dual-frequency GNSS chipsets in 2018.
With the growth of the mass market, the first smartphone,
Xiaomi Mi 8, equipped with a dual-frequency GNSS chipset,
Broadcom’s BCM47755, was introduced in 2018. The smart-
phone supports two frequencies (L1+L5) and is capable of
tracking and processing GPS L1 C/A, GPS L5, GLONASS
L1, Galileo E5a and QZSS L5, Galileo (GAL) E1, BeiDou
(BDS) B1, GLONASS L1, and QZSS L1 signals.
Smartphones equipped with a dual-frequency GNSS chipset
enjoy significant advantages. While enhanced positioning ac-
curacy by directly estimating the ionosphere delay is the most
significant benefit, the dual-frequency GNSS improves robust-
ness against jamming and provides access to advanced satellite
navigation technologies such as PPP [5] and RTK [16], which
are currently available for only specialized receivers.
Errors from different sources influence the positioning ac-
curacy such as imprecise information received from a satellite
(e.g., on-board clock, ephemeris, etc.), atmosphere effects
(e.g., ionosphere and troposphere), receiver noise, and mul-
tipath effect [17]. Among these various sources of errors, the
ionosphere causes the biggest delay [2]. The ionosphere is a
layer of the Earth’s atmosphere extending from 60km up to
2,000km that contains a high concentration of free electrons
and ions that can reflect radio waves. The impact of the layer
is measured based on Total Electron Content (TEC) which is
defined as the number of electrons in a tube of a 1m2 cross
section between two points, i.e., a receiver and a satellite.
Thus, the contribution of the ionosphere can be written based
on TEC as the following.
Ip =
40.3 · TEC
f2
. (1)
Here f is the carrier frequency, and 40.3 is the TEC parameter
which depends on the location of receiver, the intensity of solar
activity, and the hour of day. A dual-frequency GNSS chipset
can eliminate the impact of the ionosphere based on a pseu-
dorange ρ1 calculated on frequency f1 and a pseudorange ρ2
calculated on frequency f2 as follows. Details on calculating
a pseudorange can be found in [18].
ρ∗ =
f2
1
ρ1 − f
2
2
ρ2
f2
1
− f2
2
. (2)
Here ρ∗ the pseudorange without the ionosphere effect.
There are challenges, however, to achieve enhanced accu-
racy. A dual-frequency GNSS impacts the design of receiver,
i.e., the antenna, RF front-end, and baseband processing
blocks should be replicated to handle the additional frequency,
leading to higher power consumption. Specifically, improved
positioning accuracy is available with antennas with improved
duty cycling for reducing power consumption. Utilization of
dual bands requires higher chipping rates and more process-
ing power resulting in reduced energy efficiency. This paper
presents quantitative characterization of power consumption of
the dual-frequency GNSS chipset of a smartphone.
III. EXPERIMENTAL SETUP
A. System Settings
Two latest smartphones from the mobile company Xiaomi
are selected for experiments. Xiaomi Mi 8 and Xiaomi Redmi
Note 7 represent smarphones with a dual-frequency GNSS
and a single frequency GNSS, respectively. Xiaomi Mi 8
is equipped with a dual-frequency GNSS chipset, Broadcom
BCM47755, and Xiaomi Redmi Note 7 has a single-frequency
GNSS integrated into its Qualcomm Snapdragon 660 proces-
sor. Both phones have similar hardware specs as they are
from the same vendor. They are equipped with Snapdragon
processors, 16M color capacitive touchscreens, Adreno GPUs,
and a similar set of sensors. We installed the same OS,
Android Pie 9 (API level 28) on both phones. To cut off
the effect of Assisted GPS [19] (i.e., a technique that utilizes
the information from cell towers for faster position update),
the sim cards of both phones were removed and Wi-Fi was
disabled. An app was created that requests for a position
update every second. All other apps including background
processes were all disabled, and the brightness level of screen
was kept to minimum.
Fig. 3. Experimental setup.
We used the Monsoon power monitor to measure power
consumption [20]. We deployed the system both indoors and
outdoors. Fig. 3 displays the system settings for outdoor
deployment. The probes of the power monitor were connected
to the battery terminals of smartphone, providing current to
the phone. A laptop was connected to the Monsoon power
monitor through USB to measure the current drawn and the
voltage at a rate of 5KHz in real time.
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Fig. 4. Number of visible satellites outdoors.
We also confirm that both phones receive signals from a
sufficient number of visible satellites. Figs. 4 and 5 display the
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Fig. 5. Number of visible satellites indoors.
number of visible satellites over time after the app is started
outdoors and indoors, respectively. It shows that the number of
visible satellites quickly increases when the app is started, and
then the phones see about 18-22 satellites outdoors and about
14-18 satellites indoors. We observed that a sufficient number
of satellites were available in both environments, although
the number of visible satellites was smaller in the indoor
environment.
B. Methodology
In this section, we present details on measuring power
consumption for position update. After GPS is switched on,
it takes some time to complete the first position fix. This is
called the time to first fix (TTFF) [21]. There are three different
scenarios for TTFF. If GPS has been turned off for a long
time and/or has moved a long distance, GPS does not have
the almanac, ephemeris, time and position information. In this
case, which is called the cold start, TTFF can be very large
which may take several minutes. When only the ephemeris
data is not available, which is called the warm start, TTFF
can be significantly reduced as short as 30 seconds. If all data
are available, which is called the hot start, TTFF becomes
minimal taking only 0.5 to 20 seconds.
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Fig. 6. Power consumption of Xiaomi Mi 8.
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Fig. 7. Power consumption of Xiaomi Redmi Note 7.
Figs. 6 and 7 show the power consumption of Mi 8 and
Redmi Note 7. Both phones consume power independent of
the GPS activity before the app is started. This is the baseline
power consumption. Once the app is started, consumed power
quickly increases for a short moment to load the app. And
then, both phones consume relatively higher energy for TTFF
compared to regular position update. The results show that
TTFF for both phones were different. In fact, it is known that
different GNSS chipsets have varying TTFF. Once the first
position is fixed, both phones use power to update position. In
this experiment, we focus on measuring power consumption
for this regular position update, which is the major part of
energy consumption for many apps.
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Fig. 8. Background power consumption of Xiaomi Redmi Note 7.
A challenge is to measure power consumption only for
position update, excluding other sources of power consump-
tion such as background kernel processes, sensors, network
modules, and screen. The problem is more complicated con-
sidering that the two phones consume different amounts of
power for these non-GPS activities. Fortunately, we found
that the baseline power consumption of the two phones was
nearly constant when we disable all background processes,
disconnect network services such as Wi-Fi, and minimize the
screen brightness to minimum. Fig. 8 shows the baseline power
consumption of Redmi Note 7. Given the consistent baseline
power consumption, we simply subtract the baseline power
consumption from measured power consumption to obtain the
“pure” power consumption for position update. Specifically,
we set a one second interval within which a position update is
performed, measure accumulated power consumption during
this period, and then subtract it by the base line power
consumption, to obtain the power consumption for a single
position update.
IV. RESULTS
A. Outdoor Experiments
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Fig. 9. Power consumption of Xiaomi Mi 8 for position update.
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Fig. 10. Power consumption of Xiaomi Redmi Note 7 for position update.
Power consumption for position update for Mi 8 and Redmi
Note 7 are depicted in Figs. 9 and 10, respectively. A peak
is observed every second a request for position update is sent
to the phones. The graphs also show that Mi 8 with a dual-
frequency GNSS consumes more power than Redmi Note 7
with a single-frequency GNSS. Fig. 11 more clearly shows
the difference in power consumption as we align the graphs
exactly with the time when a request for position update is
sent.
We then calculated the “pure” power consumption for
position update by subtracting with the baseline power con-
sumption. We repeated a 5 minute measurement 5 times for
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Fig. 11. Comparison of power consumption for Xaiomi Mi 8 and Xiaomi
Redmi Note 7 for a one second interval.
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Fig. 12. Cumulative distribution function graph of consumed energy for
position update for Xiaomi Mi 8 and Xiaomi Redmi Note 7.
each smartphone. Fig. 12 displays the cumulative distribution
function (CDF) plots of power consumption for position
update of both smartphones. The results show that the average
power consumption for Mi 8 and Redmi Note 7 was 318mJ (±
32mJ) and 232mJ (± 20mJ), respectively, indicating that Mi
8 with the dual-frequency GNSS consumes 37% more power
for position update in comparison with the single-frequency
GNSS of Redmi Note 7. Considering that a typical phone
battery has about 29,000 joules, without considering power
consumption from any other hardware/software components,
only the GPS for position update will deplete the battery of
smartphone after about 25 hours and 35 hours for Mi 8 and
Redmi Note 7, respectively. It is interesting to note that Redmi
Note 7 would last 10 hours longer only due to the difference
in the GNSS chipset.
B. Indoor Experiments
We measured power consumption for position update for Mi
8 and Redmi Note 7 in an indoor environment, i.e., inside an
apartment. Fig. 13 shows the results. As shown, the average
power consumption for Mi 8 indoors and outdoors was 321mJ
(± 28) and 318mJ (± 32), respectively. The average power
consumption for Redmi Note 7 for indoors and outdoors was
Mi8 Redmi Note7
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Fig. 13. Power consumption of Xiaomi Mi 8 and Xiaomi Redmi Note 7 in
indoor and outdoor environments.
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Fig. 14. Signal strength of GNSS signals (i.e., carrier-to-noise-density) for
Mi 8 and Redmi Note 7 for indoor and outdoor environments.
251mJ (± 23) and 232mJ (± 20), respectively. The results
indicate that more power is consumed in an indoor environ-
ment for both smartphones. Specifically, Mi 8 consumed 1.2%
more power, and Redmi Note 7 consumed 8% more power
in an indoor environment. Overall, in an indoor environment,
Mi 8 consumed 28% more power on average compared with
Redmi Note 7. The reason for higher power consumption in an
indoor environment can be attributed to smaller signal strength
of received GNSS signals in an indoor environment [22] as
shown in Fig. 14. The average signal strength for Mi 8 in
an indoor environment decreased by 24%, and that for Redmi
Note 7 decreased by 10.5%. Interestingly, it was found that the
dual-frequency GNSS of Mi 8 was less susceptible to weaker
signal strength compared with the single-frequency GNSS of
Redmi Note 7.
V. CONCLUSION
We have presented the first empirical characterization of
energy efficiency of a dual-frequency GNSS for a smartphone.
The world’s first smartphone equipped with a dual-frequency
GNSS chipset, Xiaomi Mi 8, was selected for this empiri-
cal study. The measured power consumption of Mi 8 was
compared with one of the latest smartphone with a single-
frequency GNSS from the same vendor, Xiaomi Redmi Note
7. We demonstrated that Mi 8 consumed 37% more power
on average for position update compared with Redmi Note 7
outdoors, and 28% in an indoor environment. We expect that
the results presented in this paper will be a useful reference
for academia and industry in developing an app based on
decimeter level positioning accuracy provided by a dual-
frequency GNSS and designing better dual-frequency GNSS
chipsets for smartphones to reduce power consumption.
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